Abstract The crystal structure of the H. influenzae YfeU protein, was determined at 1.90 Å resolution using multiwavelength anomalous diffraction. YfeU belongs to a very large conserved family of proteins found mainly in bacteria but also in archaea and eukaryota. The protein is a homolog of eukaryotic glucokinase regulator and is predicted to be a sugar phosphate isomerase or aminotransferase. Here we describe the structure of YfeU and discuss the possible function as an etherase possibly involved in peptidoglycan recycling.
Introduction
Haemophilus influenzae is a non-motile, Gram negative coccobaccilli in the family Pasteurellaceae that is widespread in the human population [1] . H. influenzae type b (Hib) is a major cause of bacterial meningitis among children. H. influenzae is also one of the first free-living organisms to have its entire chromosome sequenced. This is of high importance because genetic transformation in H. influenzae has included drug resistance and synthesis of capsular antigens [1] .
The crystal structure of the H. influenzae YfeU, a 303 residue protein, was determined at 1.90 Å resolution using multi-wavelength anomalous diffraction (MAD). YfeU belongs to a very large ([3,000 members) conserved family of proteins (Pfam1380, COG2103) found mainly in bacteria but also in archaea and eukaryota. The protein is a homolog of eukaryotic glucokinase regulator and is predicted to be a sugar phosphate isomerase or aminotransferase. This protein is also found as a domain in a very large number of multi-domain proteins. Although YfeU is assigned to be a putative regulator or an enzyme, the exact biochemical or cellular function of YfeU from H. influenzae has not been established. Here we describe the structure of YfeU and discuss the possible function as an etherase probably involved in peptidoglycan recycling.
Materials and methods

Cloning, protein purification and crystallization
The ORF of the H. influenzae protein HI0754 was amplified from genomic DNA with KOD DNA polymerase using conditions and reagents provided by the vendor (Novagen, Madison, WI). The gene was cloned into a pMCSG5 vector [2] using a modified ligation independent cloning protocol [3] . This process generated an expression clone producing a fusion protein with an N-terminal His 6 tag and a Factor Xa recognition site. The fusion protein was over-produced in E. coli BL21-derivative harboring a plasmid encoding three rare tRNAs (Arg [AGG/AGA] and Ile [ATA]). A selenomethionine (SeMet) derivative of the expressed protein was prepared as described by Walsh et al. [4] . The protein was purified by re-suspension of IPTG-induced bacterial cells in binding buffer (500 mM NaCl, 5% glycerol, 50 mM HEPES, pH 8.0, 20 mM imidazole, and 10 mM b-mercaptoethanol). The cells were lysed by the addition of lysozyme to 1 mg/ml in the presence of a protease inhibitor mixture cocktail (Sigma P8849) (0.25 ml/5 g cells) and sonication for 3 min. After clarification by centrifugation (30 min at 30,000 g) and passage through 0.4 and 0.2 lm filters, the lysate was applied to 5 ml of Ni-NTA from Qiagen. The protein was eluted from the column with 50 mM HEPES, 500 mM NaCl, 250 mM imidazole, 10 mM b-mercaptoethanol and 5% glycerol. Factor Xa was added to the protein to cleave the His 6 tag. The cleaved protein was further purified on a MONO Q column using FPLC (Pharmacia). The purified protein was concentrated with simultaneous buffer exchange (20 mM HEPES, pH 7.5, 200 mM NaCl, 2 mM DTT), using the Ultrafree centrifugal device (Millipore, Inc., Bedford, MA.) with 5 kDa cutoff. Before crystallization, any particulate matter was removed from the sample by passage through a 0.2 lm Ultrafree-MC centrifugal filtration device (Millipore).
Protein crystallization
The protein was crystallized by vapor diffusion in hanging drops by screening with Hampton Research Crystal Screens 1 and 2. Needle-like crystals were obtained under several conditions. These crystals were further optimized using Additive Screens from Hampton Research. The large (0.2 mm), data quality prisms were obtained in an optimized solution containing 0.2 M ammonium acetate, 0.1 M sodium citrate pH 6.5, 15% polyethylene glycol 4000 and 5 mM EDTA at 22°C. Crystals, which appeared after 3 days, were flash-frozen in liquid nitrogen with crystallization buffer plus 10% glycerol as a cryoprotectant prior to data collection. Crystals belong to C2 space group with cell dimensions a = 104.66 Å , b = 41.27 Å , c = 77.25 Å , a = c = 90.00°, ß = 123.76°and monomer in the asymmetric unit.
Data collection Diffraction data were collected at 100 K at the 19ID beamline of the Structural Biology Center at the Advanced Photon Source, Argonne National Laboratory. The MAD data sets near selenium absorption peak (0.9794 Å ), inflection point (0.9795 Å ) and high energy remote (0.9464 Å ) were collected from a SeMet labeled protein crystal using inverse-beam strategy up to 2.2, 2.5, 2.7 Å , respectively. One crystal (0.2 9 0.2 9 0.2 mm) was used to collect all three MAD data sets at 100 K. Data were collected with 8 s exposure/1.0°/frame (rotation of x) using a 200 mm crystal to detector distance on the SBC-2 CCD detector. The total rotation range for each data set covered 360 degrees in x, 180 degrees were with u = 0 and the other 180 degrees with u = 180, which was 30 degrees more than suggested range by the strategy module of HKL2000 [5] . In addition, the higher resolution native data were also collected to 1.90 Å from a different crystal (0.3 9 0.25 9 0.03 mm) of native protein with a 10 s exposure per 1 degree frame rotating 200 degrees in x with u = 0. All data were processed and scaled with HKL2000 [5] (Table 1) .
Structure determination and refinement
The structure was determined by MAD phasing using CNS [6] with the data sets collected at peak and inflection energies, and refined to 1.90 Å using CNS against the native data. The high-remote data was not included in the final phasing because the phasing became worse with the high-remote data. The initial partial model was traced using ARP/wARP [7] . Manual model building and adjustment of residues using O were required to complete the model for refinement. After several rounds of manual adjustment using O and CNS refinements, the model converged to a final R of 21.6% and a free R of 24.6% (Table 2) . Electron density contoured at 1.0 r was well connected for most of the main chain except for the first 11 N-terminal residues including the 3 residues (Ser, Asn, and Ala) left-over from the tag-cleavage and the 47 C-terminal residues which are disordered in the crystal structure. The stereochemistry of the structure was checked with PRO-CHECK [8] and the Ramachandran plot. The main chain torsion angles for all residues are in the allowed regions and additionally allowed regions.
Data deposition
Atomic coordinates of the protein YfeU from H. influenzae have been deposited into the Protein Data Bank (PDB) as 1NRI.
Discussion
The YfeU monomer is a three layer a/b/a sandwich resembling an FAD/NAD(P)-binding Rossmann fold (Fig. 1a) . In the middle, a left-hand-twisted sheet composed of five extended parallel b-strands b2, b1, b3, b4, and b5 is flanked by four a-helices (a1, a2, a3, and a8) in the concave side and by three a-helices (a5, a6, and a7) in the convex side. This domain fold is highly homologous to those of well-conserved SIS (sugar isomerase) domains, which are found in many phosphosugar isomerases [9] , phosphosugar binding proteins [10] , and proteins that regulate the expression of genes involved in the synthesis of phosphosugars [11] . YfeU forms elaborate dimers with four a-helices (a1, a2, a3, and a8) contributing to the interface (Fig. 1b) . The isomerase domain of glucosamine 6-phosphate synthase (GlmS), one Residues in disallowed region 0.0% of the SIS proteins, is bilobal in shape and consists of two topologically identical subdomains of approximately equal size in a single polypeptide chain. Each half-domain of an isomerase is structurally homologous to the YfeU monomer and the whole domain of an isomerase is similar to the YfeU dimer. The HMMS library search using the ProFunc server [12] shows that residues 23-253 of YfeU match PF01488-a protein family that includes both shikimate and quinate dehydrogenases. Shikimate 5-dehydrogenase catalyses the conversion of shikimate to 5-dehydroshikimate and quinate 5-dehydrogenase catalyses the conversion of quinate to 5-dehydroquinate. YfeU bears decent resemblance to the catalytic domain of the shikimate dehydrogenase (1P74 and 1P77) [13, 14] (RMSD = 3.40 Å ) , however, the NADP binding domain of the shikimate dehydrogenase is dissimilar. Structural alignment suggests that access to a potential NADP binding site in YfeU is blocked by the Nterminal region (residues 9-17) of the protein and the conserved sequence GAGGXX is absent.
The InterProScan [15] , which attempts to find sequence motifs in a database of protein families, domains, and functional sites, produced three matching sequence motifs to the HI0754 YfeU protein. The three matching motifs are as follows: PS01272 (glucokinase regulatory protein), PF01380 (sugar isomerase), and TIGR00274 (glucokinase regulatory protein). The Secondary Structure Matching (SSM) program retrieved 12 structural matches with Z- Fig. 2 Primary sequence alignment using ClustalX [23] showing conservation of residues (red) in the family and mapping with the secondary structure elements in YfeU protein (gi|68196068 YfeU, Enterococcus faecium, gi|34810976 Haemophilus influenzae, gi|75818318 Vibrio cholerae, gi|22125205 Yersinia pestis, gi|49612710 Erwinia carotovora, gi|28379837 Lactobacillus plantarum, gi|16130353 Escherichia coli, gi|24052849 Shigella flexneri, gi|16077238 Bacillus subtilis, gi|27468807 Staphylococcus epidermidis, gi|65318242 Bacillus anthracis, gi|46907889 Listeria monocytogenes, gi|49482433 Staphylococcus aureus, gi|56708533 Francisella tularensis, gi|56543764 Zymomonas mobilis) scores higher than 6.0, nine of which were with root mean square deviations (rmsd) of less than 2.25 Å [16] . Most of higher matches are of phosphoheptose isomerases; 3BJZ (Pseudomonas aerginosa), 1TK9 (C. jejuni), 2I2 W (E. coli), 2I22 (E. coli), 1X92 (P. aerginosa), 1X94 (V. cholerae), 3CVJ (B. halodurans). Particularly, the crystal structure of putative phosphoheptose isomerase 1 (PDB ID = 1TK9) [17] had ten secondary structure elements (SSE) of the seventeen total elements that superimposed with an rmsd of 1.58 Å between the C-alpha atoms of the matched residues and a Z-score of 8.2 [16] . The crystal structure of P. aeruginosa phosphoheptose isomerase in complex with reaction product d-glycero-d-mannopyranose-7-phosphate (PDB ID = 1X92) had nine matching SSEs and an rmsd of 1.69 Å . The crystal structure of YckF from Bacillus subtilis (PDB ID = 1M3S) had nine matching SSEs and an rmsd of 2.24 Å .
A BLAST [18] search retrieved 50 sequence homologues for this protein in the PDB. This protein exhibited a high similarity to the C-terminal two-thirds of several glucokinase regulatory proteins and proteins of unknown function. Numerous significant hits were found for the N-terminal 2/3 of the protein (residues 1-201), which are 63% similar to the sequence of a glucokinase regulatory protein-related protein in Vibrio cholerae, and 55% similar to YfeU from E. coli, a 31.2 kD protein of unknown function in the cysP-amiA intergenic region. The Superfamily HMM program [19] , which searches against a library of Hidden Markov Models (HMM) [20] derived from Structural Classification of Proteins Database [21] (SCOP) superfamilies, found a single motif between residues 9 and 256 that matches the characteristic SCOP motif 53697 of the d1nria_domain superfamily under the SIS domain SCOP fold. Overall, there is no significant sequence similarity (sequence identities less than 20%) between YfeU and any of these SIS proteins. However, in the active site, where a phosphosugar binds to an isomerase, located near the dimer interface in YfeU, several residues are conserved (Fig. 2) . Particularly, in the structure of the isomerase domain of glucosamine 6-phosphate synthase (1MOS), most of the residues surrounding the substrate analogue 2-deoxy-2-amino glucitol-6-phosphate (GlcNol-6P), in the binding patch, specifically, Gly301, Thr302, Ser349, Gly350, Thr352, Ser401, and Thr402 are well conserved with the residues Gly77, Thr78, Ser147, Gly148, Thr150, Ser198, and Ser199 in similar positions, respectively, in YfeU (Fig. 3) . These residues in the isomerases are involved in either binding the substrate and/ or maintaining the binding pocket in the structure. This suggests YfeU may assume similar enzymatic activity.
More specific functional information can be derived from recent mechanistic studies of E. coli MurQ. These studies revealed that MurQ is an etherase-N-acetylmuramic acid 6-phosphate hydrolase that converts MurNAc 6-phosphate Fig. 3 Structural comparison of the isomerase domain of glucosamine 6-phosphate synthase (1MOS) with YfeU. a Stereo plot of SSM superposition [12] of the isomerase domain of 1MOS and the YfeU dimer. The isomerase domain of 1MOS is shown in dark grey and the YfeU in cyan and orange. b Close-up of the binding patch with the same scheme as in (a), Conserved residues inside of the patch are indicated in red, the corresponding null mutations, Glu89 and Glu120, identified from E. coli MurQ [22] are shown by a stick model, and the substrate GlcNol-6P for 1MOS is also shown as a stick model into GlcNAc 6-phosphate and lactate [22] and plays important role in peptidoglycan recycling. H. influenza YfeU shares 55% sequence identity (E value 2e-95) and 72% sequence similarity with MurQ. The Glu83 and Glu114 in MurQ when mutated to Ala or Gln, respectively, significantly reduce MurQ enzymatic activity. These residues (equivalent Glu89 and Glu120 in H. influenza YfeU) are fully conserved in YfeU family (Fig. 2) . Interestingly the residues Gly77, Thr78, Glu120, Ser147, Gly148, Thr150, Ser198, and Ser199 from one subunit form a well defined pocket that is complemented by Glu89 from the opposite subunit in the dimer (Fig. 3b) . All these residues are also conserved in YfeU family (Fig. 2) . Based on the sequence conservation of the presumed active site we propose to transfer function from MurQ and suggest that YfeU is an etherase and is involved in recycling cell wall peptidoglycan in bacteria. The specific substrate specificity of YfeU will require further biochemical analyses. The access to this site appears to be regulated by the loop region 224-240 of the opposite subunit (Fig. 3b) . As a result the enzyme has two independent active sites but is regulated by the opposite subunit.
